Abstract-Increasing connections for distributed generation (DG), and in particular, for wind generation, are being sought in power systems across the world. These increased applications present a significant challenge to the existing connection policies of distribution network operators. In particular, nonfirm access to the network has been proposed as a method to increase the penetration of DG. The impact of the connection policies arising from nonfirm access are investigated in detail here. The Irish system is used as a case study, and with reference to the available energy resource and network parameters, the costs and benefits of DG are determined under a number of planning policies. The costs and benefits assessed include connection and cycling costs along with emissions, capacity value, and fuel bill saving. It is shown that a significant increase in the net benefits of DG is gained if the appropriate connection policy is utilized from the outset, and conversely, significant costs are incurred if ad hoc policies are employed. Furthermore, it is shown that nonfirm access has the scope to facilitate a significant extra amount of DG capacity.
I. INTRODUCTION

D
ISTRIBUTED generation (DG) can be defined as smallscale generation, which is not directly connected to the transmission system and is not centrally dispatched. The connection of DG has led to a change in the characteristics of the network. If increasing levels of generation are to be accommodated, then there should be a change in thinking regarding the planning and design of the distribution network. Wind generation is the fastest growing form of DG with significant penetrations connected already in many countries [1] .
The traditional approach to DG planning, on a first come first served basis, is becoming outdated as the volume of applications increase. Indeed, in some countries it has already been replaced [2] . Another traditional approach to DG planning has been to permit access to the distribution network only on a firm basis. The amount of firm access granted under the connec-tion agreement to a distributed generator is the level of output at which they can always operate without violating any of the N -1 constraints on the network. The impact of these technical constraints on the penetration of DG has been demonstrated in [3] [4] , along with the network sterilization effect, which can occur if DG capacity is not allocated with full account of these constraints [5] , [6] .
Nonfirm access refers to output greater than the firm amount, at which generators may be allowed operate dependent on the load and generation levels throughout the year. Nonfirm access utilizes some form of active control to manage the constraint breaches. Previous work has shown the scope for the optimization of plant mix for the maximization of energy [7] . There are a number of costs and benefits associated with the various types of DG. Previous work has attempted to quantify the net benefits of DG [8] , where a number of benefits such as reduced losses and voltage profile were assessed.
This paper seeks to assess the impact of high penetration of DG, taking into account the likely DG plant mix. It does not attempt to place an upper limit on the amount of DG that can be feasibly connected to an entire distribution network. The impact of DG on the transmission system is not included here. The dispatch model used is a single busbar system, and the aim of this paper is to assess the impact of DG on the distribution system. In particular, the voltage constraint is the dominant constraint and can be managed on a nonfirm basis. The implementation of nonfirm management of constraints requires a change in the traditional connection policy of network operators. Furthermore, it leads to a change in the optimal allocation of DG as calculated using previously established methodologies [4] - [6] . It is issues such as these, arising out of the change in connection policy, that lead to a change in the costs and benefits of DG. These costs and benefits are quantified here to assess the impact of connection policy on DG, and more specifically, to assess the impact of nonfirm access.
The Irish system is taken as a case study. Drawing on estimates of the Irish renewable energy resource [9] and system data [10] [11] , the impact of different connection policies for DG is assessed, quantifying in each case the costs and benefits that result. The importance of a clear set of objectives at the start of the connection process is highlighted, and it will be demonstrated that significant costs can be incurred through the employment of ad hoc methodologies. The optimal firm allocation of the available energy resources may not lead to the optimal nonfirm allocation at a later stage. This paper addresses the question of which policy is best for facilitating higher penetrations of DG. Different individual allocations impact on the costs and benefits of DG, and it is these costs and benefits that are quantified here under a number of connection policies.
Section II describes the methodology used to determine the impact of various connection policies. Section III describes test systems and energy sources. Results and discussion are given in Section IV illustrating the impact that the connection policy has on the cost and benefits of DG. Comparisons between different cases are given. Conclusions are given in Section V.
II. METHODOLOGY
The optimization of access to the distribution network has been demonstrated for a single section of distribution network in [5] and [7] . Here, the integration of DG across the whole system is investigated. The distribution network is optimized using previously established methodologies. These methods are applied under three different connection policies, and the costs and benefits are then quantified to determine the impact of connection policy on DG, and more specifically, on wind generation.
A. Objective Function
The objective of the methodology is to maximize the amount of DG energy per euro of investment by making the best use of the existing network assets and available energy resource. This is done subject to the technical constraints on the network. The optimization problem is formulated as a linear program, with the amount of constraint breaches that arise with nonfirm access taken into account. The load factors of each energy resource are included, meaning that the available capacity is allocated based on the amount of energy that is delivered. The objective function is given in as follows:
where P Avail j is the jth available energy resource. Plant ij are the control variables representing the fraction of P Avail j allocated to the ith bus. LF j is the load factor of the jth energy resource. ν i gives the total voltage sensitivity of the ith bus to power injections at all other buses. ConnCost ij is the connection costs of the jth energy resource at the ith bus. M and N are the number of energy resources and buses respectively. The geographical dispersion of DG impacts the connection costs. The connection costs of each resource to each bus are determined and are minimized in the objective function. The objective function is maximized with respect to the technical constraints in (3)- (6) , given in the Appendix [5] . These constraints limit the DG allocation based on the technical characteristics of the network. This objective function in (1) maximizes the energy harvesting capability of the existing network. It maximizes it with respect to the technical constraints. The available capacity is a valuable asset and should be optimally utilized. This objective function maximizes the energy harvested from the available capacity by using the load factors of the generation. Load factors express the energy output of a generator as a fraction of the maximum possible energy output that is produced by a generator in a year. In addition, it is now assumed that nonfirm management of the voltage constraint is permitted, thus allowing an increase in the permissable capacity. This nonfirm capacity is optimized through the use of bus voltage sensitivities ν i . These sensitivities are included in the objective function as a means of reducing the occurrence of overvoltage conditions, thereby reducing the amount of energy curtailed and enabling easier congestion management on the distribution network.
B. Nonfirm Constraint Management
The local network constraints have previously been analyzed in detail in [3] . The voltage constraint, given in (7) in Appendix is the key constraint in the analysis. Voltage rise is one of the dominant technical constraints on DG. The assessment of the voltage constraint at a N -1 peaking condition can present a significant barrier to further penetration of DG. While infrequent, it is important for the operation of the system that the voltage stays within its limits. A number of voltage control techniques have been proposed to mitigate the voltage rise effect [12] , [13] . These techniques along with others facilitate non firm management of the voltage constraint. The short circuit level (SCL) may be dominant in more urban areas. However, active management of fault levels is some way off and is likely to be very expensive [14] . Hence, it is nonfirm management of the voltage constraint that is considered here.
C. Network Analysis
A number of representative samples of the distribution network were analyzed. These sections were chosen based on their geographical location and also on their characteristics (i.e., rural or semi urban). Likely energy resource portfolios were associated with each section. Drawing on the methods developed in [5] and [7] , each section was analyzed and the optimal allocation of the energy resources was determined for three cases: r firm; r nonfirm; r firm + nonfirm.
The first case is the base case of the maximum firm allocation optimized on a megawatt hour per € basis, i.e., the amount of energy per euro of connection costs is maximized. The voltage constraint in (7) is included, and the voltage sensitivities ν i are removed from the objective function. The second case refers to the maximum nonfirm access permitted, where the voltage sensitivities ν i are utilized in the objective function to reduce the instances of overvoltage. The third case examined is the case where firm access is initially permitted, and then, nonfirm access is permitted at a later stage. These two nonfirm cases are optimized on a megawatt hour per € kilovolt basis as shown in (1) .
The implementation and stages of the methodology are shown in Fig. 1 . It is seen that based on the technical constraints, the allocations under the two objectives are calculated. The firm allocation (MWh/€) is fed as a constraint into the nonfirm allocation, which yields the firm + nonfirm allocation. Each of the three allocations are then simulated on the distribution network over a year using load flow analysis. From these load flow analysis, the instances of curtailment are determined and used to appropriately manipulate the profiles used in the dispatch model. Based on the analysis of the Irish-distribution network and energy resource, the allocations are scaled to reflect both the likely DG penetrations of each resource and the overall characteristics of the Irish-distribution network. The dispatch model is run based on these scaled allocations for the same year, and the costs and benefits of each of the three connection policies are calculated based on the results of this.
D. Annual Simulations 1) Load Flow Simulation:
The allocations of DG capacity on the system are determined, and the annual energy output for each DG resource is ascertained. For the firm case, the annual energy output is determined using actual historical data series from [15] . For the nonfirm cases, over the year, constraint breaches will occur at times of high generation and low load. Annual simulations are carried out for the network sections to determine the time and magnitude of energy curtailment. These simulations consist of load-flow calculations carried out for half hourly data. The data included in the simulations includes active and reactive load and generation profiles for each of the energy resources, along with data on frequency of N -1 outages and the sending voltage at the transmission station.
When constraint breaches occur due to overvoltage, the level of curtailment is calculated using the formula shown in (2)
where P Curtail i (megawatt hour) is the amount of energy that is curtailed over a half hour period at the ith bus. V i and V Max (kilovolt) are the voltage at the ith bus and the maximum permissable voltage, respectively. ν i is the voltage sensitivity (kilovolt per megawatt) of the ith bus, and N is the number of distribution buses. ν i is calculated for each bus drawing on the analysis used in [5] . This curtailment method results in the least amount of energy being curtailed by curtailing the generator, which has the highest voltage sensitivity at that bus. The annual load flow simulation yields the amount of energy curtailed over the year, which in turn gives modified generation profiles that can then be used in the economic dispatch model.
2) Dispatch Model:
A dispatch model of the full-Irish system was developed that generates least-cost dispatches using a linear programming formulation, which cooptimizes generators' operating and reserve levels on a half hourly basis (discussed in detail in [16] and [17] ). Given that renewable energy resources must receive priority dispatch in Ireland [18] , it is assumed that the DG resources bid zero into the model and are dispatched according to their actual energy output. It is assumed that the DG resources do not provide reserve. The conventional generators are then dispatched according to their bid prices for energy and reserve on a least-cost basis.
The dispatch model was run for each half hour for one year, and the generation and reserve operating levels for each generator were determined, given the DG-installed capacities in each of the three connection policy scenarios. As described above, the profiles are then manipulated to curtail the DG output at times of high output and low load, which correspond to the times of curtailment recorded from the annual load flow simulation. The chosen test year is 2007 with the assumed load and conventional plant mix given in [19] . These dispatches were then used to calculate the costs and benefits of the three different connection policies.
E. Costs and Benefits
The capital cost of wind generation is assumed to be €900 000/MW with an operation and maintenance cost of €45 000/MW per year with a term of 15 years and a discount rate of 7.5% [20] . The connection costs are variable per km of line and are taken to be €50 000/km.
An increase in the penetration of variable wind generation on a system results in an increase in uncertainty on the electricity system as wind generation is relatively unpredictable and nondispatchable. This results in a requirement to carry additional reserve capacity in order to maintain system security [21] , and is a cost imposed on the system by increased wind generation. The DG technology that can be considered to be dispatchable, such as biomass, does not impose an additional reserve requirement on the system. The additional reserve requirement for the installed wind generation under the three connection policies was based on [22] .
Conventional thermal units are designed to be at their most efficient when online and are running at a stable load. In general, units are optimized for continuous rather than cyclical operation, and when operating in their normal range can operate for relatively long periods with relatively low risk and loss of equipment life [23] . An increase in the cycling of conventional units, as a result of an increase in variable generation on the system, can result in increased wear and tear on the components of the machine and result in a shortening of the life span of the unit [23] . Cycling costs are high and can range from €200 to €500 000 (including fuel cost) per single ON-OFF cycle depending on the type of unit [23] . Thus, an increase in cycling as a result of an increase in the penetration of variable generation on the system can have a significant impact on system cycling costs and are therefore included here.
Despite being variable, wind generation and the other DG resources have a capacity benefit. The extent to which a technology can substitute for conventional generation is given by the capacity value of that technology, and for nondispatchable technologies, the capacity value decreases with increasing installed capacity [24] . An increase in the penetration of DG results in a reduced requirement for new conventional generation development. Thus, the capacity benefit of DG can be deemed to be the saved cost of building and maintaining conventional thermal generation in its place. The capacity credit for Ireland ranges from 41% at low-wind penetrations to 20% at highwind penetrations [24] . It is assumed that any new conventional generation built in Ireland will be gas fired with a capital cost of €687 000 per MW installed and operation and maintenance costs of €50 000/MW per year [24] , [25] .
The operation of renewable generation can result in a reduction in the operation of some of the thermal units on the system. The carbon dioxide (CO 2 ) and sulphur dioxide (SO 2 ) emissions of a thermal unit depend on the carbon and sulphur content of the fuel, respectively, and the quantity of fuel burnt. Thus, a reduction in the output of a thermal unit, as a result of an increase in DG generation, can lead to a reduction in CO 2 and SO 2 emissions [16] . This is a significant benefit of increased DG penetration. Nitrogen Oxide (NO x ) emissions are more complicated and are effected by the flame temperature, residence time, oxygen concentration etc. Thus, it is not necessarily the case that a reduction in output leads to a reduction in NO x emissions, and an increase in variable generation could in fact result in an increase in system NO x emissions [16] .
A reduction in the output of thermal units on the system can result in a reduction in the quantity of fuel burnt. Thus, an increase in DG can result in saving the system fuel. This is a significant benefit of increased DG generation, and in particular, for wind generation that has a zero-fuel cost. All of the above costs and benefits were calculated for each of the three connection policy allocations [26] . 
III. TEST SYSTEMS AND ENERGY RESOURCE
A. Test Systems
In Ireland, DG is typically connected at 38 kV or by direct feed to the 38 kV/MV station on the MV network (10 kV or 20 kV). Voltage rise tends to be the dominant constraint due to the network in Ireland, which outside the main cities is typically a weak rural network with a large amount of conductor. A weak network means a network with a low SCL or fault level. Ireland has a rich wind resource, especially, along its western coastline. In addition to the wind resource, there is limited scope for smallscale hydro and landfill gas along with significant amounts of biomass in the form of industry and forest residue [9] . Drawing on estimates of the Irish renewable energy resource [9] and [27] , and its geographical dispersion are used to assess the successful integration of DG on a system-wide basis.
Five test systems are chosen as a representative sample of the types of network encountered on the Irish distribution network where generation will seek to connect. Load flow and short circuit analysis is used to determine and formulate the various constraints and factors used in the optimization. Load values and network parameters for each section were obtained from ESB National Grid [10] and ESB Networks [11] . Fig. 2 shows the likely future per county distribution of installed wind power per county, reproduced from [22] . The five network sections were selected from along the western coastline and also in the southeast of the country. It is evident from Fig. 2 that it is in these locations that connections of DG, and in particular, wind generation will be and are being sought.
The network sections were also selected based on their characteristics and structure from network data available [11] . They represent the types of network encountered on the Irish distribution network from voltage-constrained rural networks to more urban networks, where voltage is less of a problem and SCL can become significant.
B. Energy Resources
A representative energy resource portfolio is drawn up for each network section based on its geographical location and with reference to Fig. 2 and [9] . Using typical values for the load factor of each type of generation [28] , these resources are incorporated into the objective function (1). Each network section has its own distinct assumed energy resource. Table I shows the total assumed energy resource and load factors across the five representative network sections.
IV. RESULTS AND DISCUSSIONS
A. Energy Allocations
The allocations for the five network sections were determined under the three connection policies using the methodology described in Section II, and are shown in Table II . Given their significantly higher load factor, any available biomass and landfill gas (LFG) are allocated the available firm capacity first. As a result, there is very little difference, between their firm and nonfirm capacities, leading to the conclusion that when a maximization of energy strategy is followed, forms of generation with higher load factors are largely independent of the connection policy, as they will always be connected first. The small -TABLE III  SCALED ALLOCATIONS UNDER THE THREE DIFFERENT CONNECTION POLICIES  FOR THE WHOLE SYSTEM (MW) scale hydro generation also has very little difference between its firm and non-firm allocation, but this is due to the limited resource available. When these factors are combined with the high-wind resource, it is evident that it is the costs and benefits of wind generation that are affected by the connection policy, and it is wind generation that is the focus of the results in this paper. Initially, it is assumed that there is no generation previously connected. For the firm + nonfirm case, it is assumed that the maximum firm capacity has been connected. The nonfirm capacity is then allocated on top of the existing firm capacity. Two out of the five network sections analyzed were not voltage constrained. These network sections were located in less rural areas, i.e., with higher load and SCLs. It was found that the SCL was the binding constraint in these cases, and therefore, nonfirm voltage access did not yield any further generation capacity. The other three network sections were all voltage constrained and had a rich wind resource, as would be typical all along the western coastline of Ireland. In these cases, nonfirm access yielded a significant amount of extra capacity. However, for one of the sections no difference was found between the two nonfirm connection policies. In this case, it was found that the constraint of the existing firm access did not affect the optimal non firm allocation. Although in the other two-voltage constrained network sections, the existing firm allocation did affect the nonfirm allocation, resulting in higher connection costs and more curtailment of energy.
From Table II it is evident that given a large wind resource, nonfirm access has the potential to facilitate much higher penetrations than firm access. Nonetheless, the question arises of what is the optimal way of providing non firm access. The allocations shown in Table II are only for five network sections.
To quantify fully the effect of the connection policy of DG on the whole system, these allocations were scaled up based on the total Irish distribution network and the likely penetrations and locations of renewable energy [9] , [11] , [24] , and [27] . The scaled allocations for DG under the three connection policies were determined to facilitate the quantification of the costs and benefits of DG on a system-wide basis. The installed capacities and the annual energy outputs, based on actual output data series [15] and the total curtailed energy, are given in Table III . Fig. 3 shows the output profile for each of the four allocated DG types over a single day in March on a single section of network. This day is illustrated as it is an example of a day of particularly high wind generation when the output had to be curtailed in the nonfirm case.
B. Wind Generation Development Costs
The total connection costs for wind under the three connection policies across the whole system are given in Table IV . A considerable saving in connection costs is made when a nonfirm connection policy is pursued from the outset. In some cases, the extra nonfirm capacity can share the existing connection line, but it is seen from the results that on other occasions new connection lines must be built.
C. System Costs and Benefits
The DG output levels for each technology under the three connection policy scenarios for each day of the sample year is determined from the DG generation profiles from [15] . These operating levels were then bid into the dispatch model with a bid price of zero, ensuring priority dispatch. The resulting dispatches were then analyzed to determine the costs and benefits of each of the three connection policy approaches.
The additional reserve requirement for the system with increased wind penetration is taken from [22] and the cost incurred is valued at €1.15/MW per hour [29] . However, given that the installed capacity is the same in both nonfirm cases, the additional reserve costs are unaffected by the connection policy and are the same in both cases.
In order to calculate the cycling cost associated with each of the three allocations, all of the starts and ramping excursions over the year were counted and were converted into equivalent hot starts [23] . The cycling cost of each hot start was then calculated according to the type of generator in question. The additional cycling costs over zero-installed wind capacity, under each of the connection policies is given in Table V . It can be seen that significant extra cycling costs are incurred as more wind generation is installed on the system. The dispatch model was run for each day of the test year and the resulting dispatches were then used to calculate the CO 2 , SO 2 , and NO x emissions for each of the conventional generators [16] . Since the wind generation displaced mostly marginal oil-fired plants and gas plants it was seen to give a saving across each of the three emissions. Table VI below shows the emission savings across the year compared to a no wind case. The carbon dioxide emissions are valued at €30/ton, and the SO 2 and NO x emissions at €150 and €3000/ton, respectively [30] . Given the magnitude of the CO 2 emissions when compared to the other emissions, the price of carbon dictates the benefits accruing from increased wind penetration. An emissions factor, which accounted for the price of the emissions was included in the bid price of each generator in the dispatch model.
The additional wind generation on the system also provides a saving in fuel consumption as thermal units are displaced. Table VII shows the fuel savings with increased wind generation. The fuel prices given in Table VII were also used in the dispatch of the generators [26] . 
D. Net Benefits
The costs and benefits above were combined and the net benefits of each connection policy were determined. It was found that although the benefits outweighed the costs under all three connection policies there was a significant difference in the net benefits. Table VIII shows the net benefits of each of the connection policies.
As is evident from Table VIII, while the two nonfirm policies result in the same installed capacity of generation, the costs and benefits of wind generation show significant differences. There is a significant increase of 12% in net benefits under nonfirm connection than under a firm, and then, the nonfirm scenario for the same level of installed wind. The increases in net benefits results from the different pattern on connected generation across the buses, which leads to altered connection costs and curtailed energy and in turn impacts upon a number of the costs and benefits as detailed above.
It is clear that the connection policy affects the energy output and connection costs and furthermore that this has a considerable knock on effect on system costs and benefits such as cycling costs, emissions and fuel use. It has also been shown that as some costs, such as the additional reserve cost and the capital cost, are dependent on the capacity of the plant installed, they are unaffected by the non firm connection policy employed.
V. CONCLUSION
The impact of connection policy on DG for a number of connection policies has been quantified. The utilization of the appropriate connection policy from the outset has been shown. There is a considerable effect on the costs and benefits of DG, which has been determined. It has been shown that an equal amount of DG capacity connected can have significant differences in costs and benefits, dependent on the connection policy. The advantages of a clear objective at the outset of the DG planning process has been clearly shown. In addition, the significantly higher penetration of DG facilitated by nonfirm access to the distribution network has been demonstrated.
APPENDIX
A. Thermal Constraint
Here, I i is the current flowing from generator i to bus i, I
Rated i is the maximum rated current for the line between each generator and its corresponding bus.
B. SCL
Here, δ jT x is the dependency of the SCL at the transmission station to power injections at bus j. α T x is the initial SCL at the transmission bus with no generation present and SCL Rated is the maximum permissable SCL as laid down in the distribution code.
C. Short-Circuit Ratio
δ ji P DG j ≤ 0.1 cos(φ)α i i∀N.
(5) Here, cos(φ) is the power factor at the generator.
D. Transformer Rating
Here, P TrafoCap refers to the rating of the transformer, and P LD i is the minimum load level at the ith bus.
E. Voltage Rise
N j=1
(µ ij P DG ij +ν ij P LD ij ) + β i ≤ V max i i∀N.
Here, µ ji and ν ji refer to the dependency of the voltage level at bus i on power injections and load at bus j, respectively, β i refers to the initial voltage level at the ith bus with no generation.
